Escherichia coli strain 9D3 possesses a highly temperature-sensitive valyltransfer ribonucleic acid (tRNA) synthetase (EC 6.1.1.9). Since 9D3 is a rel+ strain, it cannot carry out net RNA synthesis at high temperature. A 100-,ug amount of chloramphenicol (CAP) per ml added in the absence of valine cannot stimulate RNA synthesis. Either 300 lAg of CAP or 100 gg of CAP plus 50 gtg of valine per ml, however, promotes nearly maximal RNA synthesis. These results can be understood as follows. (i) Valyl-tRNA is required for net RNA synthesis, (ii) the synthetase lesion is incomplete, (iii) the rate of mutant acylation of tRNAval at high temperature is valine-dependent, and (iv) the CAP concentration determines the rate of residual protein synthesis. Data are also presented which demonstrate that the rate of net RNA synthesis can greatly increase long after the addition of CAP, if the amount of valyl-tRNA increases.
A full complement of amino acids is required for net synthesis of ribonucleic acid (RNA) in rel+ strains of Escherichia coli (2, 6, 13) . Chloramphenicol (CAP) stimulates this synthesis in starved rel+ auxotrophs (1, 11) , probably by permitting the required amino acid to accumulate via protein breakdown. Mutant strains with a temperature-sensitive aminoacyl-transfer RNA (tRNA) synthetase cannot synthesize ribosomal RNA and tRNA at high temperature, demonstrating a requirement for activated amino acids (3, 12, 16) . CAP should, therefore, be unable to stimulate RNA synthesis in such a synthetase mutant; this prediction has been confirmed elsewhere (3, 4, 9) . We also have confirmed it with the conditions employed in those experiments. We have additionally found, however, that substantial RNA stimulation can be obtained under other conditions. This paper presents and interprets these results. It also shows that an increase in the acylation of tRNA after CAP addition leads to an increase in the rate of RNA synthesis, in contradiction to a previous suggestion (9) .
MATERIALS AND METHODS E. coli strains. E. coli strain D2 thy-rel+ and its arg-temperature-sensitive valyl-tRNA synthetase derivative, 9D3, were obtained from Sam Kaplan (10) .
Growth and labeling. Bacteria were grown to 2 x 108 to 4 x 108 cells/ml at 26 or 30 C in M9 (5) supplemented with glucose, thymidine, and all amino acids except valine. A portion was then transferred to 42 C, and 10 min later 14C-leucine (0.5 to 5.0 uCi/gg) and 3H-uridine (0.05 to 0.25 ,uCi/,ug) were added. CAP was then immediately added to one portion; valine was also added at various times. The experiment shown in Fig. 3 differed from the others in several respects. Valine was present at all times, the isotopes were added 15 min before the temperature shift, and CAP was added 20 min after the shift. The incorporation of radioactive isotopes into macromolecules precipitable by 5% icecold trichloroacetic acid was determined by standard procedures. Periodically, the bacteria were plated for survival, which was always 90 to 100%.
Reagents. L-Leucine-UL-14C and uridine-5-3H were purchased from New England Nuclear Corp. CAP was generously supplied by Parke, Davis, & Co.; fresh, filter-sterilized solutions were always used.
RESULTS
Strain 9D3 possesses a temperature-sensitive valyl-tRNA synthetase (10) . At 42 C in the absence of valine, it incorporates leucine at 0.2% of the rate at 26 C (Fig. 1, curves A and B ,ug of CAP per ml will not stimulate RNA synthesis in a temperature-sensitive aminoacyltRNA synthetase mutant, in the absence of the homologous amino acid. We also find this to be true. This seems reasonable because the synthetase mutant incubated at high temperature is expected to be unable to activate the amino acid whether or not CAP is present. Therefore, since the corresponding aminoacyl-tRNA cannot be formed, there is no net RNA synthesis.
We have shown here that 300 Mg of CAP per ml, as opposed to 100 gg/ml, does stimulate RNA synthesis in a synthetase mutant. Furthermore, even 100 Mug of CAP per ml stimulates RNA synthesis provided that 50 Mg of valine per ml is also present. These results can be conservatively interpreted within the following framework. First, aminoacyl-tRNA is generally thought to be necessary for net RNA synthesis. At high temperature, the tRNAval would be largely deacylated (9) and net RNA synthesis would stop, as observed. Second, the mutation in strain 9D3 is very slightly "leaky" (Fig. 1, curves B and C) . The 0.08% leucine incorporation remaining in the absence of valine cannot be attributed to leucyl-tRNA, nor to addition of leucine to the amino terminal amino acid of proteins (7, 8, 14, 15) . Third, the inhibition of protein synthesis by CAP is not complete. A 100-,ug amount of CAP per ml reduces net leucine incorporation at 26 C to 1.3% of the uninhibited rate, and this residual level is independent of the presence of valine ( Fig. 1, curves D and l) . When 9D3 is incubated at 42 C with 100 ,ug of CAP per ml, protein synthesis is still most likely limited by the synthetase mutation and not by the CAP. Consequently, the tRNAval species will remain substantially deacylated, and net RNA synthesis cannot occur. Fourth, 300 Mg of CAP per ml inhibits net leucine incorporation more completely than does 100 ug/ml (Fig. I, curve F) . We suggest that at this level of protein inhibition the tRNAval which is acylated by the remaining synthetase activity can accumulate as valyl-tRNA and, in turn, stimulate RNA synthesis. Fifth, we propose that the combination of 100 Mg of CAP and 50 ug of valine per ml stimulates RNA synthesis because the high valine concentration drives the acylation reaction, permitting the accumulation of valyltRNA. In agreement with this notion , Fig. 2 , curve G, shows that even with 300 Mg of CAP per ml better RNA stimulation is obtained when 50 Mg of valine per ml is also present.
Normally, each tRNA molecule is acylated about once each second (15) . Thus, assuming that residual protein synthesis and residual synthetase activity are linearly related when the latter is limiting the former, all the tRNAva' molecules in strain 9D3 can be acylated at 42 C within approximately 20 min. Since the tRNAval molecules are not all deacylated after 10 min at 42 C, nor do they all have to be acylated to promote RNA synthesis (9) , incubation at 42 C for several minutes with protein synthesis fully inhibited should promote RNA synthesis. Indeed, there is a brief lag after adding CAP before RNA synthesis occurs (Fig. 3, left) . We believe that this lag reflects the time required to acylate sufficient tRNAval molecules to permit RNA synthesis.
We note that in working with strains carrying synthetase mutations, one must be very careful about the supplements added to the medium and about the CAP concentration. We also note that a very slight "leakage" of a synthetase mutation can be recognized more accurately by assaying for RNA synthesis at 42 C induced by 300 ,ug of CAP per ml than by assaying for residual protein synthesis. For example, residual protein synthesis is only 0.2% of the rate at 30 C, whereas net RNA synthesis induced by 300 gg of CAP per ml is 100% (Fig. 2, curve F) of that rate.
The data in Figure 4 are inconsistent with a previously published suggestion that the rate of RNA synthesis is permanently determined by the amount of aminoacyl-tRNA present at the moment of CAP addition. This suggestion was proposed because it was found that, in the partial revertant 9D3R3, the amount of acylation slowly increased after CAP addition, whereas the rate of RNA synthesis remained constant at the value assumed immediately after the CAP addition (9) . Figure 4 shows that although 100 gg of CAP alone per ml stimulates RNA synthesis only very slightly, the addition of 50 ,ug of valine per ml as late as 20 min after the CAP increases the stimulation 15-fold. We have proposed that the added valine drives the acylation reaction, increasing the amount of valyl-tRNA which, in turn, promotes RNA synthesis (as well as increasing the residual rate of protein synthesis; Fig. 1 , curve C). This implies that an increase in acylation, even long after CAP is added, stimulates an increase in the rate of RNA synthesis. The lag in RNA stimulation (discussed above) is also in agreement with this interpretation. Consequently, we believe that the rate of RNA synthesis at any particular moment after the addition of CAP reflects the aminoacyl-tRNA level at that moment and not at the time when the CAP was added.
